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Abstract: The variation of river flow within a natural range plays an important role in 
promoting the social-ecological sustainability of a river basin. In order to determine the 
extent of the natural range of variation, this study assesses hydrologic flow thresholds for 
the Lower Ganges River Basin. The flow threshold was calculated using twenty-two 
“Range of Variability (RVA)” parameters. The impact of Farakka Dam on the Lower 
Ganges River flow was calculated by comparing threshold parameters for the pre-Farakka 
period (from 1934 to 1974) and the post-Farakka period (1975–2005). The results 
demonstrate that due to water diversion by the Farakka Dam, various threshold parameters, 
including the monthly mean of the dry season (December–May) and yearly minimum 
flows, have been altered significantly. The ecological consequences of such hydrologic 
alterations include the destruction of the breeding and raising grounds for a number of 
Gangetic species, the increase of salinity in the southwest coastal region of Bangladesh and 
a reduction of fish and agricultural diversity. The major findings in this paper have a 
number of policy-level implications to aid water sharing mechanisms and agreements 
between the government of Bangladesh and India. The methodological approach presented 
in this study is applicable to other river basins. 
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1. Introduction 
A social-ecological system (SES) is defined as a system that includes social and ecological 
subsystems in mutual interaction [1]. All human-used resources are embedded in complex SESs [2]. 
The sustainability of SESs depends on the long-term maintenance of well-being, which encompasses 
the responsible management of resource use. There is a fundamental need to address ecological 
requirements for attaining sustainability in the management and allocation of water [3–6]. The  
social-ecological sustainability of a river basin depends in part on the dynamic flow pattern of the 
river. The dynamic flow pattern of a river must be maintained within a natural range of variation to 
promote the integrity and sustainability of SESs [7,8]. This dynamic flow pattern creates and maintains 
the ideal conditions of in-channel and floodplain habitats. 
The maintenance of river flow within such natural variation plays a fundamental role for the 
functioning of aquatic and riparian species [9]. A natural flow regime is essential to support a native 
river ecosystems for flora and fauna [10,11]. High flows of different frequencies effectively transport 
sediments, which are important for channel maintenance, bird breeding, high benthic productivity and 
creating spawning habitat for fish [12]. High flows through wetland flooding create space available for 
the recruitment of new individuals or species and eventually maintain riparian vegetation [13]. Floods 
also distribute and deposit river sediments over large areas of land that can replenish nutrients in top 
soils, making agricultural lands more fertile [14]. As periodic flooding made the land more fertile, the 
populations of many ancient civilizations concentrated along the floodplains of rivers, e.g., the Nile, 
Tigris and Yellow River [15]. Floodwaters are also absorbed into the ground and percolated down 
through the rock to recharge underground aquifers that supply natural springs, wells, rivers and lakes 
with fresh water. In addition to high flows, periods of low flows are equally important for algae 
control, water quality maintenance and the use of the river by local people [16]. Low flows can also 
provide recruitment opportunities for riparian plant species in frequently inundated floodplains [17]. 
Hydrological alteration can be defined as any changes in the magnitude or timing of natural river 
flow. The natural flow regime of a river can be altered by various anthropogenic activities and climate 
change [18]. Climate change is likely to lead to an intensification of the global hydrological cycle, 
resulting in an overall net negative impact on the frequency and timing of river flow and the health of 
freshwater ecosystems [19–22]. Similarly, increased population pressure and economic development 
patterns are responsible for the alteration of the hydrologic flow regime through building dams, 
constructing levees, urbanization and pumping ground water [9]. Building dams and barrages is one of 
the major sources of human-induced hydrologic alteration. The magnitude and extent of dam 
construction and associated water diversion are large and cause many local and regional environmental 
effects [23]. By the 20th century, the number of large dams (>15 m) had risen to more than 47,000, 
with an additional 800,000 smaller dams [24], which had an effect on over half of the 292 large river 
systems [25]. The ecological consequences of hydrologic alteration due to dam building are many. For 
example, they modify biogeochemical cycles, as well as channel and floodplain habitats through 
altering the downstream flux of water and sediments [26]. In turn, this affects biotic composition. The 
natural evolution of life history strategies is also affected by altered flow. Flow alterations due to dams 
affect longitudinal and lateral connectivity and create barriers to the upstream-downstream movement 
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of organisms and nutrients that hinder biotic exchange [27]. For these consequences, the extent to 
which the alteration of natural flow is feasible is an important area of research. 
However, the threshold determination of flow variability is a complex procedure, and several 
studies have been conducted in this area [8,23,28–36]. To determine the ecological flow threshold,  
Richter et al. [28,29] proposed the “Range of Variability Approach (RVA)” based on hydrologic 
characteristics of magnitude, frequency, duration, timing and the rate of the change of flow.  
Pegg et al. [31], Magilligan and Nislow [32] and Jiang et al. [33] applied the RVA technique to 
quantify the effects of dam construction on hydrological alteration. Applying a similar approach, 
recently, Gain et al. [8] investigated the climate change impact on the thresholds of the hydrologic 
flow regime. Smakhtin [37] reviewed many of the well-established hydrological techniques used to 
derive the flow indices for gauged and ungauged watersheds. Pyron and Neumann [35] applied the 
indicators of hydrologic alteration through regressions of hydrological variables against time.  
Zhang et al. [36] identified six classes of flow patterns in the Huai River Basin, China, based on 80 
hydrologic metrics, analyzed by hierarchical clustering algorithms. Ghanbarpour et al. [23] applied a 
combination of techniques to determine environmental flow thresholds and to quantify how dam 
construction altered the hydrology of the Tajan River watershed in Iran. 
Among these available methods, a simple approach is essential to determine the allowable extent of 
hydrologic alteration that can be useful for policymakers. However, in developing parts of the world 
where the consequences of hydrologic flow alterations are severe, such methods of assessment are still 
rare. The Ganges Basin is one of the most vulnerable areas in the world, as it is subject to the 
combined effects of climate change and various development pressures, including dam  
constructions [38–40]. Although hydrologic alterations occur in the Ganges River Basin, systematic 
investigation of the impacts on environment and society is unavailable. Such information is useful to 
examine the causes and potential impacts on stream ecosystems and to achieve sustainable  
water management. 
In order to overcome this gap, the objective of this study is to determine the threshold of the natural 
flow regime of the lower Ganges Basin and to investigate the hydrologic alteration of downstream 
flow in the Ganges River due to the construction of the Farakka Dam. In assessing the thresholds and 
evaluating the impact of the Farakka Dam, this study does not present any new approach. Instead, we 
apply the existing method of the RVA approach developed by Richter et al. [28,29] and applied by 
Pegg et al. [31], Magilligan and Nislow [32], Gain et al. [8] and Jiang et al. [33]. The reason behind 
the selection of RVA approach is that the method is simple, but very much effective for policymakers. 
The analysis allowed us to provide insights on the impact of Farakka Dam on the hydrologic regime of 
the studied river basin. The assessment can be useful later for a broader assessment of impacts on local 
SESs. Moreover, the calculated thresholds may be used as a good basis for the negotiation with the 
riparian countries in the Ganges River Basin. This research is particularly relevant, as there are large 
global initiatives for trans-boundary river basin management. 
The remainder of this paper is organized as follows. The study area along with the description of 
Farakka Dam is provided in the next section. The methods of assessment are then briefly outlined. The 
results are subsequently presented, and the impacts of hydrologic alterations are discussed. The paper 
concludes with comments on the potential application of research findings. 
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2. Study Area 
2.1. The Ganges Basin 
The Ganges is a major river of the Indian subcontinent rising in the Himalayan Mountains and 
flowing about 2510 km generally eastward through a vast plain to the Bay of Bengal. The total 
catchment of the Ganges Basin is 907,000 km2 [41]. India shares the major portion of the total basin 
area, with 861,452 km2 [42]. Bangladesh is the furthest downstream country of the Ganges Basin and 
shares only about 4% of the basin area (45,548 km2), which nevertheless represents 37% of the total 
area of Bangladesh. The water supply of the Ganges depends partly on the monsoon-dominated rainfall 
(during July to October) and Himalayan snow melting during the dry season (April to June) [40]. The 
region is characterized by flooding in the wet season [43] and water scarcity in the dry season [44]. The 
average annual rainfall varies from 760 mm at the western end of the basin to more than 2290 mm at 
the eastern end. The sediment load of the Ganges at Farraka Dam is 1235 t·km−2·y−1 [45]. The vast 
sediment deposition makes the soil alluvium cover more than 52% of the basin. These alluvial soils are 
highly fertile and are capable of producing a variety of crops. Therefore, the Ganges Basin is one of 
the most populous regions on Earth. Around 407 million people of China, Nepal, India and Bangladesh 
are directly or indirectly dependent on the Ganges River. The river also supports important fauna and 
flora, including the endangered species, Platanista gangetica (Ganges River dolphin). Fisheries along 
the river are of considerable economic value, which makes a major contribution to the region. 
Similarly, the riparian zone also supports many plant species that play an important role in nutrient and 
water conservation and in controlling soil erosion. Thus, the river is of great importance in the  
social-ecological system of the four countries. 
2.2. Construction of Farakka Dam and Its Impact 
Until 1975, the river was unregulated and the flow was natural. However, on 21 April 1975, a dam 
on the Ganges River was commissioned by India at Farakka, roughly 16.5 km upstream from the 
border of Bangladesh. With an aim to maintain proper navigation at the port of Kolkata, the dam was 
built to divert 1133 m3·s−1 of water. During the dry season (January to June), this amount of water was 
diverted from the Ganges to the Hooghly River [46]. 
Following the operation of the Farakka Dam, the dry season flow of the Ganges in Bangladesh 
reduced significantly [39,47], while the monsoon discharge in Bangladesh increased. This flow 
alteration has had a significant effect on the social-ecological system of Bangladesh through disruption 
to fisheries, forestry, agriculture, navigation and increasing salinity intrusion from the coast. Despite 
these social-ecological consequences, Bangladesh and India were not able to form a consensus to 
maintain a regular flow downstream. In 1996, a 30-year agreement on sharing the dry season flow of 
the Ganges River at Farakka was signed by India and Bangladesh [48]; however, this agreement did 
not contain any guarantee of minimum water for Bangladesh, and the problem is still severe. In part, 
this is because the techno-political debate between Bangladesh and India on the impact of the Farakka 
Dam is based on general observation and anecdotal evidence instead of quantitative assessment of 
water requirements [47]. 
  
Water 2014, 6 2505 
 
 
3. Methods 
3.1. Data 
To assess the flow thresholds, hydrological discharge data were collected. The major discharge 
measuring station of the lower Ganges Basin in Bangladesh is at Hardinge Bridge Point, and long-term 
observation records of this station are available and accessible from the Bangladesh Water 
Development Board. The data are of high quality and have been used in major hydrological studies in 
flood forecasting and other planning purposes [47]. Daily discharge data from this station was 
collected from 1934 to 2005. 
India began the operation of Farakka Dam on 21 April 1975. Hence, the data series up to 1975 
represents pre-Farakka flow, and data from 1975 onwards represent post-Farakka flow. To assess the 
hydrological data series, the hydrological year, 1 April to 31 March, instead of the calendar year is 
considered. Depending on meteorological and geographical factors, the beginning of a “hydrologic 
year” or “water year” differs from the calendar year. In winter snow-dominated watersheds, the year 
begins 1 October and ends at 30 September, because snow is deposited in the fall and winter and drains 
out of the watershed in the spring and summer, and the watershed returns to a “dry” state at the end of 
the year [49]. However, the situation is completely opposite (rainfall in the spring and summer and 
drains out in the fall and winter) in summer-monsoon dominated regions. Therefore, in the  
Ganges-Brahmaputra Basin (situated in the Indian Summer Monsoon), the hydrologic year begins  
1 April and ends 31 March [38,47]. In addition to discharge data, available daily rainfall data were also 
collected from the Rajshahi station of the Bangladesh Meteorological Department (BMD) for the 
period 1964–2005. The data series of the Rajshahi station represents the rainfall of the Bangladesh 
portion (only 4% of the basin area) of the Ganges Basin. The missing rainfall data were filled up using 
appropriate hydrologic techniques, e.g., the averaged value of surrounding stations. For representing 
the rainfall of the Indian portion of the Ganges Basin, the results of the trend analysis carried out by 
Kumar and Jain [50] were considered, in which available daily gridded rainfall data at a 1° × 1° 
resolution for the period 1951–2004 provided by the India Meteorological Department (IMD)  
were used. 
3.2. Testing the Natural Condition of Discharge 
The first step for determining the flow thresholds is to consider the observation data series that 
represent natural flow, in which no shifts and trends are found. For testing the natural condition,  
a linear trend analysis was conducted considering the fact that the natural flow series is trend-free and 
constitutes a stochastic process whose random component follows the appropriate probability 
distribution. Gain et al. [51] present a detailed description on the method used for testing linear trends, 
which can be summarized as follows: 
Assume that yt, t = 1, …, N is an annual time series and N is the sample size. A simple linear trend 
can be written as: 
MtDyt += (1)
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where D and M are the parameters of the regression model. The rejection of hypothesis M = 0 can be 
considered as a detection of a linear trend. The hypothesis that M = 0 is rejected if: 
vc T
R
NR
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)2(
α−
−
−
=  (2)
in which R is the cross-correlation coefficient between the sequences y1, …, yN and 1, …, N and T1 − ∞/2, v 
is the 1 − ∞/2 quantile of the Student’s t distribution with v = N − 2 degrees of freedom; ∞ is the 
significance level, which is 5% (or 95% confidence level). 
For the quantitative assessment of the natural flow condition, a trend test was carried out for the 
available discharge data series (1934–2005) and for the pre-Farakka period (1934–1974). For assessing 
the trend, yearly maximum and minimum data series were considered. The results of the trend test are 
shown in Table 1. The pre-Farakka period (1934–1974) represents no intervention, and all of the series 
in this period are trend-free, as the calculated Tc for each series is lower than the critical value (2.02) at 
the 5% significance level. However, for the available period (1934–2005), all of the series represent a 
significant trend. Therefore, for calculating thresholds, the discharge series of the pre-Farakka period 
that represents the natural flow was considered. 
Table 1. The results of the trend analysis for the yearly discharge and rainfall series. 
Yearly Series Length of the Series Trend: Test Statistics, Tc 
Critical Value at 5% 
Significance Level,  
T1 − α/2, ν (t Distribution) 
Results 
Cumulative rainfall 
1964–2005 0.205 2.02 Trend does not exist 
1964–1974 0.382 2.02 Trend does not exist 
Minimum discharge 
1934–2005 6.00 2.00 Significant trend 
1934–1974 0.561 2.02 Trend does not exist 
Maximum discharge 
1934–2005 2.33 2.00 Significant trend 
1934–1974 1.51 2.02 Trend does not exist 
However, shifts in the discharge may occur due to both natural climatic variability and to human 
abstraction. India claimed that this was due to low winter and summer rainfall in northern India, while 
Bangladesh argued that the low flow was the result of only water diversions upstream of Farakka [39]. 
An analysis of the variations in basin-scale precipitation was used to clarify whether the alterations of 
flow were due to natural climatic variability or to human abstraction. Using the daily gridded rainfall 
data at a 1° × 1° resolution for the period 1951–2004, few studies carried out a basin-wise trend 
analysis of rainfall over India and found no change in the annual rainfall of the Indian portion of the 
Ganges Basin [42,50]. For analyzing the variation of rainfall in the Bangladesh portion, a linear trend 
analysis (the method described above) was also considered. Using the daily rainfall of the Rajshahi 
station of Bangladesh, we carried out a linear trend analysis for the available data series (1964–2005) 
and for the pre-Farakka period (1964–1974). In both cases, no trend is found in the cumulative annual 
rainfall (Table 1). The rainfall trend analysis of the Ganges Basin indicates that the alterations of flow 
in the downstream are due to the water diversion at Farakka, and before construction of the dam 
(1934–1974), the river flow was natural. 
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3.3. Assessment of Thresholds Using RVA Approach 
Once the natural condition of flow has been tested, an analysis of the ecological flow threshold of 
natural variability is required. Reflecting different aspects of flow variability (magnitude, frequency, 
duration and timing of flows), Richter et al. [29] proposed the “Range of Variability Approach” 
(RVA). The hydrological variability and its associated characteristics (timing, frequency, duration and 
rates of change; see [28,52,53] for a detailed description) play a critical role in sustaining aquatic 
ecosystem. A hydrological regime characterized by the near full range of natural variation is necessary 
to sustain the full native biodiversity and integrity of aquatic ecosystems. The RVA method proposed 
by Richter et al. [29] addresses this paradigm by incorporating into river management targets a suite of 
ecologically-relevant hydrological parameters that comprehensively characterize the natural stream 
flow regime. The RVA method was applied to investigate the water diversion-induced ecological flow 
threshold in the Lower Ganges Basin in Bangladesh. In the RVA method, thirty-two hydrological 
parameters were considered. 
However, many parameters that are used in the original RVA method are likely to be correlated 
with each other, as significant redundancy (multicollinearity) exists between many hydrologic 
parameters [54]. Monk et al. [55] suggested a refined number of clearly-defined hydrological 
parameters, where the known duplication of hydrological information has been removed/minimized 
using hydrological understanding. Smakhtin et al. [16] reduced the number of RVA flow parameters to 
sixteen. For assessing maximum and minimum flow, Smakhtin et al. [16] considered only 1-day and 
90-day average flows. However, maximum and minimum flows of 3-, 7- and 90-day averages can 
capture a different extent of drought and flood information. Therefore, for assessing ecological flow 
thresholds, we considered twenty-two flow parameters, of which, twelve represent the mean flow 
value for each calendar month that can jointly capture the seasonal flow distribution, and the remaining 
ten parameters (1-, 3-, 7-, 30- and 90-day maxima; 1-, 3-, 7-, 30- and 90-day minima) reflect the 
variability of the maximum and minimum range and their different durations. 
In an altered flow regime (by means of climate change or human perturbation), those parameters 
should be maintained within the limits of their natural variability, which should be based on extensive 
ecological information, taking into account the ecological consequences of different flow regimes. 
However, setting flow targets based on ecological information is very difficult to achieve. In the 
absence of extensive ecological information, Richter et al. [29] suggested several measures of dispersion 
(e.g., ±1 or 2 standard deviation, twentieth and eightieth percentile, etc.) to use in setting initial 
threshold flows. The choice of the most appropriate measure of dispersion should be based on whether 
each parameter follows a normal or skewed distribution, and in the case of a normal distribution, one 
could use the standard deviation (SD) from the mean value as an initial threshold flow. In order to 
select am appropriate measure of dispersion, we tested the distribution of each of the 22 RVA 
parameters, and we found that all of the parameters follow a normal distribution. Therefore, values at 
±1 SD from the mean were selected as thresholds for each of the twenty-two RVA parameters. Any 
considered parameter should thus stay in the limits [8,29]: 
(mean − SD) ≤ parameter ≤ (mean + SD) (3)
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Exceedance of these limits by a particular parameter may lead to considerable ecosystem stress over 
long time periods. We used this approach for setting initial flow thresholds in this study. 
4. Results 
4.1. Ecological Flow Threshold 
After characterizing and testing the natural conditions of the observed data series, we determined 
the ecological flow thresholds of twenty-two RVA parameters, reflecting different aspects of flow 
variability (magnitude, frequency, duration and timing of flows). A summary of these results are shown 
in Table 2. For assessing the mean and standard deviation values of each parameter (Columns 2 and 3 of 
Table 2, respectively), we analyzed the daily mean discharge series of a 41-year period (1934–1974). 
Values at ±1 SD from the mean were selected as the ecological flow threshold for each of the  
twenty-two RVA parameters. Minimum threshold (Mean − 1 SD) and maximum threshold  
(mean + 1 SD) values for each parameter are shown in Columns 4 and 5 of Table 2, respectively. 
Different parameters with a lower and higher limit of threshold represent the seasonal variability of the 
flow within which an ecosystem can sustain itself. 
Table 2. Results of the selected Range of Variability Approach (RVA) parameter analysis 
(Columns 2–5) based on the data of the pre-Farakka period (1934–1974). 
RVA parameters 
Mean and standard deviation Threshold flow (m3·s−1) 
Means (m3·s−1) SD (m3·s−1) Low High 
January 3,083 677 2,406 3,760 
February 2,670 613 2,057 3,283 
March 2,299 454 1,845 2,752 
April 2,042 365 1,677 2,406 
May 2,161 435 1,726 2,596 
June 4,024 958 3,066 4,982 
July 17,672 4,781 12,890 22,453 
August 37,809 8,116 29,693 45,924 
September 35,812 7,920 27,892 43,731 
October 17,661 7,056 10,605 24,717 
November 7,058 2,449 4,609 9,507 
December 4,191 1,017 3,173 5,208 
1-Day Minimum 1,677 446 1,231 2,123 
3-Day Minimum 1,780 331 1,449 2,110 
7-Day Minimum 1,824 300 1,524 2,124 
30-Day Minimum 1,853 307 1,546 2,161 
90-Day Minimum 2,122 330 1,793 2,452 
1-Day Maximum 48,727 7,957 40,770 56,683 
3-Day Maximum 48,367 8,040 40,327 56,406 
7-Day Maximum 47,330 8,319 39,011 55,649 
30-Day Maximum 41,846 8,070 33,776 49,916 
90-Day Maximum 32,747 6,799 25,948 39,546 
  
Water 2014, 6 2509 
 
 
4.2. Investigation of the Effects of Farakka Dam 
Once the threshold for ecological flow has been determined, the extent of alteration due to water 
diversion post-Farakka is subsequently analyzed. To investigate the impact of the Farakka Dam, 
hydrological discharge for 31 years (from 1975 to 2005) was analyzed. The rate of exceedance of RVA 
threshold values for the post-Farakka flow regime was calculated by counting the number of years that 
would have failed to meet the threshold conditions. This calculation is carried out for each of the 
twenty two parameters. A summary of the results is shown in Column 4 of Table 3. In both dry and 
wet months, the flow was altered remarkably. Particularly in dry periods (especially in February and 
March), 100% of the post-Farakka periods (1975–2005) would have failed to meet the thresholds. 
Similarly, all of the years of the post-Farakka period failed to meet the lower threshold of the 
minimum flow parameters. 
Table 3. Investigation of the failure (Column 4) of the RVA target of the post-Farakka 
period (1975–2005). 
RVA Parameters 
Threshold Flow (m3·s−1) Based on the Data of  
Pre-Farakka Period Failure Rate of RVA Target at 
Post-Dam Period (1975–2005) 
Low High 
January 2,406 3,760 90% 
February 2,057 3,283 100% 
March 1,845 2,752 100% 
April 1,677 2,406 94% 
May 1,726 2,596 81% 
June 3,066 4,982 68% 
July 12,890 22,453 61% 
August 29,693 45,924 36% 
September 27,892 43,731 58% 
October 10,605 24,717 32% 
November 4,609 9,507 48% 
December 3,173 5,208 71% 
1-Day Minimum 1,231 2,123 100% 
3-Day Minimum 1,449 2,110 100% 
7-Day Minimum 1,524 2,124 100% 
30-Day Minimum 1,546 2,161 100% 
90-Day Minimum 1,793 2,452 100% 
1-Day Maximum 40,770 56,683 42% 
3-Day Maximum 40,327 56,406 42% 
7-Day Maximum 39,011 55,649 45% 
30-Day Maximum 33,776 49,916 39% 
90-Day Maximum 25,948 39,546 32% 
The results of the yearly annual minimum (Figure 1a) and maximum flow (Figure 1b) are shown in 
Figure 1. The results demonstrate that every year after the construction of Farakka Dam, annual 
minimum flow failed to meet the threshold limit. Similarly, annual maximum flows also failed to meet 
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the threshold limit in the post-Farakka period. Therefore, both floods and droughts are seen to be more 
frequently occurring in the post-Farakka period. 
Figure 1. Yearly minimum (a) and yearly maximum flow (b) for both the pre- and  
post-Farakka period and a comparison with the threshold value. 
 
 
The result for dry season months (from December to May) is shown in Figure 2, which illustrates 
that in January, February, March and April, the flow is reduced significantly. The result of wet season 
months (from June to November) is also plotted in the Figure 3. Among the wet months, the flow of 
the post-Farakka regime failed to meet the criteria in the early wet season (June and July) compared to 
the pre-Farakka period. However, in August, September and October, the river flow of the region is 
particularly dominated by monsoon rainfall, and about 70 percent of Bangladesh’s rain falls during this 
period. As a consequence, the construction of Farakka Dam has relatively less impact on the  
monsoon-dominated period. Therefore, the failure rate of the threshold criteria in the post-Farakka 
regime is not so high during these months, compared to other periods of the year. 
Figure 2. Monthly mean flow for the dry months of December (a), January (b), February (c), 
March (d), April (e) and May (f) in the pre- and post-Farakka period and a comparison 
with the threshold value. 
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Figure 2. Cont. 
 
Figure 3. Monthly mean flow for wet months of June (a), July (b), August (c), September 
(d), October (e) and November (f) in the pre- and post-Farakka period and a comparison 
with the threshold value. 
 
0
2000
4000
6000
1934 1954 1974 1994
D
isc
ha
rg
e,
 m
3 s
 -1
Mean flow (February)
(c)
Year
0
2000
4000
6000
1934 1954 1974 1994
D
isc
ha
rg
e,
 m
3 s
 -1
Mean flow (March)
(d)
Year
0
2000
4000
6000
1934 1954 1974 1994
Mean flow (April)
(e)
Year
0
2000
4000
6000
1934 1954 1974 1994
Mean flow (May)
(f)
Year
0
3000
6000
9000
12000
1934 1954 1974 1994
D
isc
ha
rg
e,
 m
3 s
 -1
Year
Mean flow (June)
RVA Low
RVA High
Pre-Farakka Post-Farakka
(a)
0
10000
20000
30000
40000
1934 1954 1974 1994
Mean flow (July)
(b)
Year
15000
30000
45000
60000
75000
1934 1954 1974 1994
Mean flow (August)
(c)
Year
15000
30000
45000
60000
75000
1934 1954 1974 1994
Mean flow (September)
(d)
Year
0
15000
30000
45000
60000
1934 1954 1974 1994
Mean flow (October)
(e)
Year
0
5000
10000
15000
20000
1934 1954 1974 1994
Mean flow (November)
(f)
Year
Water 2014, 6 2512 
 
 
5. Impact of Hydrologic Alteration 
The analysis of this study suggests that construction of the Farakka Dam in 1975 has caused 
considerable hydrologic changes in the lower Ganges River system, particularly in Bangladesh.  
The hydrologic alteration of flow due to water diversion at Farakka introduced a new ecological 
system against the usual course of nature. The risk of ecological change has been increased globally 
due to the alteration of hydrologic flow [56]. 
Under the flow alteration situation, several studies have assessed the social-ecological 
consequences. Swain [57] stated that the flow alteration brought much misery and hardship to 
approximately 35 million people in nearly one-third of the total area of Bangladesh, who are directly 
dependent on the Ganges Basin for their livelihood. This region is already vulnerable to cyclone and 
other manmade disasters [58,59], and the situation is more aggravated by the altered flow regime. A 
detailed investigation on Farakka water diversion-induced social-ecological consequences has been 
carried out by Adel [60]. The water diversion has caused the destruction of the breeding and raising 
grounds for 109 species of Gangetic fishes and other aquatic species and amphibians. In addition, it 
has disrupted the navigation and increased dependence on groundwater. A separate study undertaken by 
Hossain and Haque [61] found that more than 50 species have become rare, which were found abundantly 
in the research-covered areas during the pre-Farakka period. 
Freshwater flowing from the Ganges through the Gorai-Madhumati channel, one of the 
distributaries of the Ganges, governs the state of the salinity of the southwest coastal region of 
Bangladesh. The ecological environment of the region depends on the complex interaction of fresh 
water and saline water. However, the reduction of the freshwater supply through the upstream Ganges 
water diversion increases the river salinity in the downstream. This has an implication on the reduction 
of fish and the agricultural diversity of that coastal region [51,62]. Increased salinity has also 
constrained the growth, survival and regeneration of major mangrove plants (e.g., Heritiera fomes). 
There are significant changes in the floral composition in the Sundarbans, the large mangrove  
forests [63]. The alteration of threshold flow-induced ecosystem degradation can result in a reduced 
availability of ecosystem goods and services, on which particularly poor communities may depend for 
their well-being [64,65]. 
Bangladesh being a predominantly agrarian economy, water is critical for irrigated agriculture in the 
Ganges-dependent area. The Ganges-Kobadak (GK) Irrigation Project, the largest surface water 
irrigation project in the country, was conceived of in 1954 to improve the quality of life and economic 
solvency of the people living in southwest region by achieving self-sufficiency in food through 
increasing agricultural productivity. After the Farakka Barrage went into operation, the drastic fall in 
the available surface and ground water for farming led to a steady decline of rice production in the 
southwest region of Bangladesh [45]. As a consequence, the Ganges-Kobadak Irrigation Project came 
to a halt in 1994, which adversely affected 350,000 acres of agricultural lands [66]. The reduced 
potential of agricultural production conditions put approximately 10 million subsistence farmers out of 
work in the dry season, which has a negative impact on food security and livelihood opportunities [67]. 
In addition, increasing pressures of frequent disasters (e.g., cyclones, floods) along with human 
interventions (e.g., construction of embankments in 1960s) have created hardship for peoples’ 
livelihoods in the southwest region of Bangladesh [68,69]. Such hardship has particularly affected poor 
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women, who have the least amount of resources to address the collapse of livelihoods and  
increasing poverty [66]. 
These socio-economic, as well as ecological consequences of the Farakka Barrage in the Ganges 
River Basin management have led to conflict between the Ganges states since 1951 [70,71]. In order to 
resolve the conflict, the Government of Bangladesh and the Government of India adopted a water 
sharing treaty in 1996 for sharing the dry season flow of the Ganges River at Farakka [40,72]. 
However, the results of this study suggest that the agreement between India and Bangladesh did not 
provide minimum water for Bangladesh. 
6. Conclusions 
Our analysis showed that the RVA threshold criteria have been exceeded in most years during  
post-Farakka period, even after adopting a water sharing treaty between Bangladesh and India. The 
exceedance of threshold conditions is detrimental to both aquatic and terrestrial ecosystems on which 
the livelihood pattern of the inhabitants is dependent. As a consequence, the social-ecological system 
of the basin is negatively affected. 
The approach of hydrologic threshold flow confirms its potential for use in planning and 
management of water resources, which have impacts on the coupled social-ecological system. The 
assessment of the hydrologic alteration of different parameters and of the ecological consequences of 
such an alteration presented in this study is intended to be used in planning and management of water 
resources, especially for post-Farakka water sharing between Bangladesh and India. 
Our results have a number of policy-level implications for government agencies of the Ganges 
Basin. The calculated threshold flow of twenty-two RVA parameters can be used as initial targets for 
water resources and ecosystem management in the Lower Ganges Basin, particularly in Bangladesh. 
The government of Bangladesh and India could consider allowing human perturbation and development 
activities within the calculated threshold ranges. The calculated thresholds can also be used for water 
allocation to meet household, agriculture and industrial water demands. In trans-boundary river basin 
management within an integrated water resources management approach [71–76], thresholds of flow 
variability can be used as a basis for negotiation with other riparian countries. This simple, but 
effective, approach for evaluating the impact of dam-induced hydrologic alterations presented in this 
study may also prove to be useful to the policymakers and river basin authorities. 
In setting ecological threshold flows with the RVA approach, the study is mainly based on statistics. 
However, further research is required to investigate the physical impact of the hydrologic flow regime 
on ecosystems in detail [55]. To ensure livelihood security in the lower Ganges ecosystem in both 
India and Bangladesh, there is a need for close introspection and appropriate action in a holistic 
manner to restore the hydrology of the river system [76–78]. In this study, we focused only on the 
impact of the dam on river flow thresholds. However, in reality, climate change and human-induced 
perturbation (e.g., development of river infrastructure, such as dams) happen concomitantly and 
interactively [8]. The extent of hydrologic perturbation associated with human activities and climate 
change has already been assessed separately in several studies [8,23,29]. To investigate the combined 
impact of climate change and human-induced perturbation, future studies are required, aiming at a 
more in-depth understanding of the system. 
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